ABSTRACT Japanese beetle (Popillia japonica Newman) is an emerging silk-feeding insect found in Þelds in the lower Corn Belt and Midsouthern United States. Studies were conducted in 2010 and 2011 to evaluate how silk clipping in corn affects pollination and yield parameters. Manually clipping silks once daily had modest effects on yield parameters. Sustained clipping by either manually clipping silks three times per day or by caging Japanese beetles onto ears affected total kernel weight if it occurred during early silking (R1 growth stage). Manually clipping silks three times per day for the Þrst 5 d of silking affected the number of kernels per ear, total kernel weight, and the weight of individual kernels. Caged beetles fed on silks and, depending on the number of beetles caged per ear, reduced the number of kernels per ear. Caging eight beetles per ear signiÞcantly reduced total kernel weight compared with noninfested ears. Drought stress before anthesis appeared to magnify the impact of silk clipping by Japanese beetles. There was evidence of some compensation for reduced pollination by increasing the size of pollinated kernels within the ear. Our results showed that it requires sustained silk clipping during the Þrst week of silking to have substantial impacts on pollination and yield parameters, at least under good growing conditions. Some states recommend treating for Japanese beetle when three Japanese beetles per ear are found, silks are clipped to Ͻ13 mm, and pollination is Ͻ50% complete, and that recommendation appears to be adequate.
Japanese beetles are an invasive species introduced from Japan into the northeastern United States sometime before 1916 (Ladd 1987) . As they have few natural enemies and many hosts, numbers have increased greatly and their range of habitat continues to expand. Fleming (1972) compiled a list of almost 300 species of host plants to Japanese beetles. Corn silks were identiÞed as a preferred food source for adults (Ladd 1987) . Because of their invasive nature and high reproductive capability (Yesudas et al. 2010) , Japanese beetles have become well-established in eastern Tennessee and their range has recently expanded to include the western parts of the state. Producers in Tennessee and other states are concerned with silk clipping in Þeld corn by Japanese beetles.
Little has been written about the impact of Japanese beetle silk feeding on Þeld corn. Japanese beetles are considered pests in the Midwestern United States, where treatment is recommended if there are three or more Japanese beetles per ear, silks are clipped to Ͻ13 mm (one-half inch), and pollination is Ͻ50% complete (Cook and Gray 2003, Hodgson 2009 ).
The objectives of this study were to 1) determine the critical duration and amount of silk clipping that will signiÞcantly affect pollination, 2) assess the impact of adult Japanese beetle feeding on corn silks, and 3) evaluate the level of compensation by other kernels on the ear when there is a reduction in seed set because of silk clipping. (Abel et al. 2000 , Buntin et al. 2004 , Castro et al. 2004 . It also has good activity on corn earworm and fall armyworm, both in the whorl and ear stage (Buntin et al. 2004 , Huang et al. 2006 , Buntin 2008 , Hardke et al. 2010 . Thus, confounding effects were avoided by other pests by using a Bt hybrid that expressed multiple toxins for lepidopteran and coleopteran pests. Plots were planted with a John Deere (Deere and Co., Moline, IL) 7200 Max Emerge Plus vacuum planter with a seeding rate of 76,000 seeds/ha at a planting depth of 3.8 cm. Row spacing was 76 cm and plots were Þve rows by 13.7 m with one border row between treatment rows. All seeds were treated with a commercial fungicide and insecticide. Corn was planted no-till into soybean stubble from the previous year. Agronomic practices such as fertilization, seeding rates, and weed control followed University of Tennessee recommendations (McClure 2010) .
Materials and Methods

Daily
Plots were arranged in a randomized complete block design with six replications of Þve ears per treatment. Before silk emergence, plants were selected that were uniform in maturity and had developing primary ears. Each plant designated for treatment was separated by at least four plants from the next selected plant in the row. Color-coded Tyvek (DuPont, Wilmington, DE) tags were loosely attached to plants at the ear Ϯ one node with a 22-gauge wire and labeled with the treatment. On the Þrst day of silking, clipping was initiated according to treatment level. Treatments were initiated when silks were Þrst visible (day of silking 1) beyond the tip of the ear for Ͻ24 h. Silks were clipped at the tip of the husks using scissors. For each treatment, clipping occurred each day before 0700 hours to limit the likelihood of pollen transfer to silks because of our activity (Anderson et al. 2004) .
The nine treatments in this study consisted of untreated plants with no silks clipped and plants with all silks being clipped once daily for the days of silking 1Ð5, 1Ð10, 1Ð15, 6 Ð10, 6 Ð15, and 11Ð15. In addition, a treatment was included where Ϸ50% of the silks, those nearest the stalk, were clipped daily for the 15 d of silking. For another treatment, all silks were clipped daily to a length of 38 mm for the 15 d of silking.
Ears were hand-harvested on 25 August 2010 and 25 August 2011. The treatment ear was shucked and placed in a 10# paper sack along with its corresponding Tyvek tag. Sacks were placed in a forced air dryer set to 65.6ЊC and dried until grain moisture was 13%. Forced ambient air was applied for cooling purposes for 8 h afterward. Ears were stored in an air-conditioned environment and moisture allowed to come to an equilibrium over 1 wk. Total ear weight was taken and each ear was shelled individually using a handoperated corn sheller (Seedburo Equip. Co., Des Plaines, IL). Grain was then screened through three 30.5 by 30.5-cm hand-testing screens (5 by 19 mm slots, 4 by 19 mm slots, and a #18 sieve with round holes 7 mm in diameter) to remove very small kernels and debris. Total kernel counts were done using an automated seed counter (Old Mill Counter model 850 Ð3, IntÕl Marketing and Design Corp., San Antonio, TX).
Data were analyzed as a randomized complete block design with Þve observations of each treatment in each replication using SAS statistical software (SAS Institute 2008). Data were analyzed using the MIXED procedure in SAS. Main effects and all possible interactions were analyzed using the appropriate expected mean square values as recommended by McIntosh (1983) . In the model, years and locations (environments) as well as blocks, nested within environments, were considered random effects, whereas treatments were considered Þxed effects. Any interaction between Þxed and random variables was also considered a random effect. Designating environments random broadens the possible inference space the experimental results are applicable to (Carmer et al. 1989) . The least squares (LS) means statement was used to provide the standard error of the differences between means. Then Fisher protected least signiÞcant difference (LSD) was used for mean separation of clipping on the number of kernels per ear, total kernel weight per ear, and weight of individual kernels on each ear (␣ Ͻ 0.05). Single degree of freedom contrast statements were conducted to compare combined data from treatments where 100% of silks were clipped early (days of silking 1Ð5, 1Ð10, and 1Ð15) with treatments that were clipped later (days of silking 6 Ð10, 6 Ð15, 11Ð15).
Three-Times Daily, Manual Silk Clipping, 2011 and 2012. An experiment was performed where silks were clipped three times per day. For 2011, the corn hybrid and planting date was the same as described in the once-daily silk clipping experiment for 2011. In 2012, DeKalb hybrid DKC 67Ð 88 VT Triple Pro containing Cry1A.105, Cry2Ab2, and Cry3Bb1 (Monsanto Co., St. Louis, MO) was planted on 15 May at the same population and depth and maintained as described for the previous experiment. Treatments were assigned to plants in a completely randomized design. Each treat-ment had 15 replications (ears). The three treatments in this study consisted of untreated plants with no silks clipped and plants with silks clipped three times daily for two timings (days of silking 1Ð5 and days of silking 6 Ð10). Before silk emergence, uniform plants were selected that had a developing primary ear. Each plant designated for treatment was separated by at least four plants from the next selected plant in the row. Colorcoded Tyvek tags were labeled and loosely attached to plants, as previously described. Silks were manually clipped with scissors at the tip of the ear husk leaves between 0700 and 0800 hours, again between 1130 and 1300 hours, and between 1600 and 1700 h each day for the timing level. Ears were hand-harvested on 25 August 2011 and 9 September 2012 using a method previously described. All ears were dried, shelled, and yield parameters measured at the West Tennessee Research and Education Center, as previously described.
Data were analyzed as a completely randomized design using individual ears as replicates. Proc MIXED (SAS Institute 2008) and LS means (Fisher protected LSD) for mean separation were used to test for effects of clipping on number of kernels per ear, total kernel weight per ear, and weight of an individual kernel in each ear (␣ Ͻ 0.05).
Silk Clipping by Japanese Beetles, 2011. Randomly selected plants were assigned a treatment, with 12 replications (ears) per treatment at Missouri and 15 replications at Tennessee. Treatments were zero, two, four, and eight beetles per ear, and plants were tagged accordingly, as previously described. The beetles were conÞned for 5 d, beginning the Þrst day of silking (TN 21Ð26 June; MO 4 Ð9 July), as this appeared to be the critical pollination window based on the authorsÕ previous experiences. Before silk emergence, uniform plants were selected that had a developing primary ear. Each treatment plant was separated by at least four plants from the next selected plant in the row. Beetles were collected using Trece Catch Can traps with yellow top assembly and a double lure (one ßoral and one sex pheromone) system (Great Lakes IPM Inc., Vestaburg, MI) (Ladd 1986 ). Beetles were caged on ears beginning the Þrst day of silking. Cages (12 by 30 cm) were made from 28 by 28 (thread count) synthetic Þlament screen closed at the bottom with a bread tie and folded over and closed at the top with a medium binder clip. Screening was amber color to allow good light penetration. Small gauge wire was used to support the cage by tying the binder clip at the top of the bag to the stalk. Japanese beetle adult survival in cages was monitored daily and dead beetles were replaced. We attempted to put at least one female in each cage. The percentage of clipped silks was visually estimated, and average silk length was measured for each ear when the cages were removed. Hand-harvesting of ears was done on 25 August 2011 in Tennessee and on 7 September 2011 in Missouri, as previously described. All ears were dried, shelled, and yield parameters measured at the West Tennessee Research and Education Center, as previously described.
Data were analyzed as a completely randomized design using SAS statistical software (SAS Institute 2008). Proc MIXED and LS means (Fisher protected LSD) for mean separation were used to test for effects of infestation density on silk length, percentage of clipped silks, number of kernels per ear, total kernel weight per ear, and weight of individual kernels in each ear (␣ Ͻ 0.05).
Results
Daily, Manual Silk Clipping, 2010 -2011. In both years of our study, the number of kernels per ear and total kernel weight per ear were statistically similar across all nine treatments when silks were only clipped once daily (Table 1 ). The number of kernels per ear varied among treatments by 7.6% in 2010 and 3.0% in 2011. Total kernel weight varied by only 2.3 and 5.4% across treatments in 2010 and 2011, respectively.
In 2010, number of kernels per ear was reduced by 3.6% for the earlier clipping treatments compared with the late (Table 2 ). There was no difference in number of kernels per ear in 2011. Kernel weight per ear was similar for both years (Table 2 ). In 2010, individual kernel weight was 3.5% heavier for treatments where clipping was initiated on the Þrst day of silking (early), but it was 3.1% lighter in 2011 for this treatment.
Three-Times Daily, Manual Silk Clipping, 2011 and 2012. There were no interactions between treatment and year for any response variables measured (P Ͼ 0.25 for all), so data were analyzed across years. There were 16% fewer kernels on ears where clipping was done three times daily during the Þrst 5 d of silking compared with ears where no silks were clipped or clipping was delayed until the sixth day (Table 3) . Similarly, total kernel weight was reduced 10.7% for ears with silks clipped during the Þrst 5 d of silking versus those not clipped or those where clipping began on the sixth day. Individual kernels from ears where silks were clipped during the Þrst 5 d of silking weighed 5.4 and 6.7% more than kernels from ears where no silks were clipped or where clipping was delayed until the sixth day, respectively (Table 3) .
Silk Clipping by Japanese Beetles, 2011. There was no interaction between locations and the percentage of silks clipped and average silk length at time of cage removal (F ϭ 2.03; df ϭ 3, 100; P ϭ 0.1141 and F ϭ 2.11; df ϭ 3, 100; P ϭ 0.1040, respectively), so these data were pooled across locations. The percentage of silks clipped by caged beetles ranged from 39.7 to 98.0% (Table 4) . By the end of the 5-d caging period, Japanese beetle feeding reduced average silk length 45.7, 67.9, and 97.6% for cages with two, four, and eight beetles per ear, respectively, relative to the control. In this study, beetles were observed to only feed on the corn silks.
The total number of kernels and total kernel weight per ear were strongly affected by the number of beetles caged at the Missouri location (Table 4) . Ears with eight beetles per cage had 34.6% fewer kernels per ear than noninfested ears. Ears infested with four beetles had 19.3% fewer kernels than noninfested ears and were different from the eight-beetle treatment. Ears infested with two beetles had a similar number of kernels as noninfested ears. Eight beetles per ear reduced total kernel weight by 32.4% compared with noninfested ears. Total kernel weight was similar for noninfested ears and those with two to four beetles per cage. Individual kernel weight did not differ across treatments in Missouri, but kernels were numerically a little heavier in ears infested with beetles (Table 4) .
In Tennessee, the total number of kernels per ear did not differ signiÞcantly among treatments (Table  4) , but trended toward an inverse relationship between kernels per ear and the number of beetles per cage. Total kernel weight was not affected by the number of beetles caged on ears at the Tennessee location. Individual kernel weight was 8% heavier for ears where eight beetles were caged compared with ears with two beetles, but neither treatment statistically differed from the noninfested ears.
Discussion
Overall, once-daily silk clipping had modest effects on yield parameters; these effects were only notable in one year of our study and for treatments where 100% of silks were clipped beginning early in the silking process. Manually clipping silks three times per day reduced kernels per ear and kernel weight per ear only if clipping occurred during early silking. Seed set was not affected if clipping was delayed until the sixth day of silking. Sustained Japanese beetle feeding on silks also had an effect on total kernel weight when it occurred early in the silking process.
Silks often emerge rapidly during the Þrst 2 d of silking and all silks have emerged by the fourth day (Sadras et al. 1985) . Maximum total silk area was ex- b Treatments where clipping occurred on days of silking 6 Ð10, 6 Ð15, and 11Ð15.
Means in a column not followed by a common letter are signiÞ-cantly different (Proc MIXED; FisherÕs protected LSD; P Ͻ 0.05). Means in a column not followed by a common letter are signiÞ-cantly different (Proc MIXED; FisherÕs protected LSD; P Ͻ 0.05). Means in a column not followed by a common letter are signiÞcantly different (Proc MIXED, FisherÕs protected LSD, P Ͻ 0.05).
posed on the Þfth day of silking (Sadras et al. 1985) . Under optimum growing conditions, silks can grow 2.5Ð3.8 cm per day and will continue to elongate until fertilized (Ritchie et al. 1986 ). Silks grow rapidly during silking, especially during the Þrst day, and typically cease 9 to 11 days after initiation (Bassetti and Westgate 1993b) . Manually clipping silks multiple times daily appeared to simulate the effects of sustained Japanese beetle feeding in our studies. This observation may have implications for future research. For example, the number of kernels and kernel weight per ear were reduced in the test where silks were clipped three times per day the Þrst 5 d of silking. The number of kernels was also reduced when four or eight Japanese beetles were caged on ears at the Missouri location, and kernel weight per ear was reduced when eight beetles were caged per ear. This agrees with Flynn and Reagan (1984) , who found a reduction in the number of kernels on seed corn ears artiÞcially infested with 10 or 15 Colaspis louisianae Blake beetles for the Þrst week of silking. They also found similar results when they mechanically clipped silks every 2 d for the same duration. Strachan and Kaplan (2001) found that grain yield was signiÞcantly reduced when average silk length was Ͻ25 mm for hybrid corn. However, another study found that densities of up to 20 adult western corn rootworm beetles (Diabrotica virgifera virgifera LeConte) per ear did not signiÞcantly reduce total kernel weight, but beetles were infested at a later growth stage in this trial (Capinera et al. 1986 ). In our tests, there was evidence of an increase in individual kernel weight where there was a reduction in the number of kernels per ear.
The percentage of silks clipped by Japanese beetles and silk length at the time cages were removed was statistically the same for both Missouri and Tennessee ( Table 4 ) and showed that beetles behaved comparably in both environments. Silk clipping by Japanese beetles may reduce the number of kernels per ear, reduce the total kernel weight, and increase the weight of an individual kernel. Although the number of kernels was reduced at the Missouri location by caging four beetles per ear compared with zero or two beetles, kernel weight per ear was not different among these treatments.
Total kernel weight was reduced by 32.4% at the Missouri location for the ears where eight beetles were caged on them, but there was no signiÞcant reduction in total kernel weight for the same treatment at the Tennessee location. The dramatic reduction in total kernel weight at the Missouri location may have resulted from other environmental stressors. The Tennessee location had a good pollination and yield environment, whereas the Missouri location had a stressful one. Weather data collected from these locations for the 2 wk before silking showed that maximum daily temperature averaged 0.32ЊC lower in Missouri compared with Tennessee (data not shown). However, minimum temperatures were 2.28ЊC higher in Missouri. Tennessee received 10.2 cm of precipitation compared with 0.51 cm in Missouri during this critical period. This suggests that a combination of drought stress and silk clipping by Japanese beetles reduced pollination and yield in the Missouri Þeld corn. This agrees with Culy et al. (1992a) , who found that moisture or heat stress during pollination magniÞed the effects of silk feeding by western corn rootworm beetles.
Drought stress during the period of 2 wk before silking through 2 wk after may cause substantial yield loss (Ritchie et al. 1986) , at least in part by reducing number of kernels (Hall et al. 1981 (Hall et al. , 1982 . Because silks have the highest water content compared with any other corn plant tissue, they are sensitive to moisture levels in the plant (Neilsen 2010) . Drought conditions may impact silk health and pollination in many ways. Water stress can delay silking, cause fertilization to take longer, and inhibit silk growth, resulting in a decrease in kernel set (Westgate and Boyer 1986 , Bassetti and Westgate 1993b , Carcova and Otegui 2001 . Thus, the stress observed at our Missouri location likely explains why it was more affected by silk clipping by Japanese beetles.
It appears from our research that protecting silks from clipping during the Þrst 5 d of silking is critical for realizing optimum yield potential. However, the sensitive window may be longer in stressful environments. Moreover, our studies would suggest that silk clipping after drought stress will magnify yield loss from beetle damage. It is possible that some corn hybrids or other corn production practices may be more sensitive to silk clipping than the ones used in Means in a column not followed by a common letter are signiÞcantly different (Proc MIXED; FisherÕs protected LSD; P Ͻ 0.05). The percent of silks clipped and average silk length when cages were removed are also shown.
our studies. However, the threshold used by some states of three or more Japanese beetles per ear, silks are clipped to Ͻ13 mm (one-half inch), and pollination is Ͻ50% complete (Cook and Gray 2003, Hodgson 2009 ) appears appropriate, especially in stressful pollination environments, given the results of our studies. Our unpublished data are that Japanese beetles tend to be more numerous along Þeld margins, so scouting the Þeld interior would be necessary to determine the need for a foliar insecticide application. One application, if needed, would likely be satisfactory, given the relatively short duration of sensitivity to silk clipping observed in most studies.
